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SUMMARY

A surface-piercing, dihedral hydrofoil was tested to investigate the

Inception and extent of ventilation. The foil of wedge-shaped cross-section

and dihedral angle of 30 degrees was shown to ventilate under a number of

operating conditions when the speed, draft, and angle of attack were varied.

Stable regions of fully attached and fully ventilated flow are defined by

ventilation inception boundaries which are shown to depend on the speed and

angle of attack and not on the depth of submergence. Expressions for the

forces experienced by the foil under these stable flow conditions are derived

and are shown to be in good agreement with the experimental results.
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NOMENCLATURE

A aspect ratio, A = 2(h0/c) cot r

a0 sectional lift-curve slope at infinite depth, per radian

ae effective lift-curve slope .at depth, per radian

c hydrofoil chord measured along lower surface, ft

C D  drag coefficient, D/ p V S

CL  lift coefficient, L/I p V2S

CL sectional lift coefficient

Cf skin friction drag coefficient based on wetted area

D drag force, lb

E Jones' edge correction factor

F depth correction factor

h local submergence of foil cross-section below water surface,. ft

ho 0 submergence of foil trailing edge apex below water surface, ft

K induced drag factor

L lift force, lb

S horizontal projection of hydrofoil wetted area, S = 2h c cot r. sq ft

V forward speed, fps

01 sectional angle of attack, rad

r dihedral angle, deg

8 wedge angle, rad

p density of water, 1.94 slug per cu ft

trim, angle between horizontal and hydrofoil lower surface, rad
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I INTRODUCTION

I The surface-piercing, fully-ventilated hydrofoil has been under study

at the Davidson Laboratory for some time, because of its potential applica-

tion to high speed self-stabilizing hydrofoil craft, in order to learn more

SI of the force characteristics of this type of foil and the flows associated

with it.

In the investigations conducted by Brown1 and Fridsma2 on the fully

vented foil, flow studies revealed the existence of ventilation inception

boundaries and the occurrence of partial flow attachment to the upper surface,

styled partial ventilation. Since any fully-ventilated or supercavitated

hydrofoil may suffer flow attachment to the upper surface under a variety of

operating conditions in steady state and under dynamic conditions, and thereby

undergo marked changes in its operating characteristics, a study of ventila-

t tion inception and partial ventilation is timely.

4 { This report presents the results of tests to determine experimentally

the inception and extent of ventilation on a surface-piercing, fully-venti-

lated dihedral hydrofoil of plane-face wedge cross section. The parameters

investigated for their effect on ventilation inception includedangle of

attack, immersion and speed. Force measurements and flow photographs were

taken at the various test conditions during which time three flow regimes were

observed: fully ventilated, fully attached flow and an intermediate partially

I ventilated flow regime.

It was found that the three flow regimes were distinguishablc by the

differing behavior of the lift characteristics. These characteristics were

analyzed and theoretical relations obtained for the lift in both the stable

[flow states of fully ventilated and fully attached flows.
This report is one of a series prepared at the Davidson Laboratory

I dealing with surface-piercing fully ventilated dihedral hydrofoils. Other

topics covered in this series include force and stability characteristics,

behavior in a seaway and the effect of flaps. This research is being sup-

ported by the Mechanics Branch, Office of Naval Research.

I
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MODEL AND APPARATUS

The hydrofoil model used for these tests consisted of two limbs,

14 inches long, assembled to form a V-type, surface-piercing foil of 300

dihedral and 24 in. span. The foil cross-section, which was constant along

the span, was a simple wedge of 2 in. chord and 60 apex angle. In order to

machine the sharp leading edge with a minimum of warping, the foil was con-

structed of No. 496 Starrett flat stock steel. This oil hardened, tool steel

has non-deforming characteristics which make it useful for intricate work with

thin sections. Nevertheless, with all the care taken in the machining process,

a minute upturn of the leading edge occurred. When completed, the entire foil

was given a "flash" copper plating to prevent rusting. A drawing of the model

foil and a photograph is included as Fig 1.

Two vertical struts of rectangular cross-section were screwed to the

ends of the foil, which in turn were fastened to a I" x 2' spanwise aluminum

member. This entire assembly was mounted on the standard Tank 3 lift-drag

apparatus which is a carriage capable of measuring the total horizontal and

vertical forces experienced by the foil at speed. Force measurements were

obtained from dynamometers actuating linear differential transformers whose

outputs were relayed to shore through overhead cables and measured with elec-

tronic null-balances.

TEST PROCEDURE

The tests were conducted in Tank 3 of the Davidson Laboratory with the

foil fixed at zero roll and yaw. With the foil in the air just clear of the

water surface, air tares were taken on the lift and drag balances at various

speeds and trims of the foil. The air tares for the lift were found to be

negligible while those for the drag were a function of the speed squared,

(D = 0.0008 V ). With the foil in the water, tests were run at draft/chord

ratios of 1, 2 and 3, trims from 00 to 140 and speeds from 10 to 40 fps. Lift,

drag, and speed were recorded; and polaroid pictures were taken of the flow in

each case.

The test program was set up so as to define the various flow regimes:

It was known that at some low trim (as yet undefined) the flow would attach

to the upper surface of the foil and run in a fully attached but base vented,

LI_
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flow condition. Furthermore at some high trim, the flow should separate from

the leading edge and run in a fully ventilated condition. During the tests,

T therefore, the foil attitude was varied from low to high angles so as to

determine the critical trims and how they were affected by speed and draft.

The nature of the flow was determined from studies of the associated flow

pictures.

RESULTS

Results from the tank testing were in the form of force measurements of

'the lift and drag and polaroid pictures of the flow about the foil. With this

information it was possible to separate the data as to whether the flow was

fully ventilated, fully attached, or partially ventilated. Tables I, II and

* 111, present the corresponding tabulated results of the force measurements

*which have been corrected for air tares and put in coefficient form. in the

• - case of borderline test conditions where it was not certain what type of flow

was present, the data was assumed to lie in the unstable, partially ventilated

flow regime. Occasionally there would be a test condition when the flow would

remain stable and fully attached to the foil; and then during the run suddenly

start to ventilate. In these cases, the data for both conditions is reported

separately. All coefficients for the various flows were calculated on the

basis of the horizontal projected area, S = 2h c cot r

The derived sectional lift characteristics for both fully attached and

fully ventilated flow are plotted on Fig 2. Fully ventilated drag data are

given on Fig 3, while the ventilation boundaries and a selection of flow photo-

graphs are given on Fig 5.

ANALYSIS

From an examination of the results presented in the tables and their

classification into the three regimes of fully ventilated, partially venti-

lated, and fully attached flow, a strong correlation between the state of the

flow and the lift characteristics was established.
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The following description of the flow and lift changes with trim and

speed Is typical.

/Fully attached

/

D

BL Fully ventilated

C

A Trim

Consider the hydrofoil running at any one speed. At low trim the flow

will be fully attached (though base vented) and as the trim is increased the

lift increases, along the line A-B in the sketch, while the flow remains unal-

tered. Then at some critical trim partial ventilation of the upper surface

becomes apparent and as the trim is increased further the lift drops eventu-

ally to C where observation of the foil shows it to be fully vented. There-

after as the trim is increased the upper surface of the foil remains dry and

vented to the atmosphere, and the lift again starts to increase along the line

CD..

When this cycle is repeated at higher speed transition from fully

attached to fully ventilated flow takes place at a smaller trim along the line

B CI . Similar behavior is observed when the test is repeated at different

depths of immersion.

On a surface-piercing dihedral hydrofoil, as the draft is varied the

aspect ratio necessarily changes. The effect of aspect ratio on the lift of a

three-dimensional foil may be eliminated by reducing the results to their two-

dimensional or sectional equivalent. Because of the strong correlation between

the lift and ventilation inception, a similar procedure should remove the

effect of aspect ratio from the inception characteristics.

The procedure for elimination of the aspect ratio effects from the force

characteristics of a fully ventilated foil has been given by Brown I however a

similar procedure for foils in fully attached flow is wanting. The following

is a generalization of the technique for eliminating aspect ratio effects which

applies to foils in both fully ventilated and fully attached flow.
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General Lift Expression

The two-dimensional or sectional lift, denoted by a prime, of a hydro-

foil may generally be written in the form:

= ao(- ()

a- The sectional lift-curve slope, a° , and the sectional zero-lift angle, o

both depending on the flow conditions.

When this section is incorporated as part of a finite aspect ratio

dihedral foil at finite draft a number of modifications have to be made to

Eq 1. Due to the finite aspect ratio a downwash velocity is induced behind

the foil so that the effective angle of attack is reduced by the downwash

angle, e , where generally:

=K C L mAC~L/

and K is called the induced drag factor. A further effect associated with

aspect ratio is that at each section, due to the finite perimeter of the foil,

less circulation is needed to move the rear stagnation point to the trailing4
edge. Thus, the lift curve slope is reduced by the Jones edge correction

*factor, E , and becomes a /E , (where E > 1).
0

Finite draft further modifies the lift expression. The change in circu-

lation is accounted for by a free surface factor, F , so that the lift curve

slope becomes a F: this factor may be either greater or less than unity

depending on the flow conditions. There is, however, no additional change in

downwash due to finite depth alone. In the case of a fully submerged foil the

downwash is affected by finite draft, as well as by finite aspect ratio. This

however is not the case for a surface-piercing dihedral foil6 , and no further

modification of the above expression for downwash, to account for finite draft,

is called for. This amounts to saying that the induced drag factor, K , is

independent ,f draft.

Conversely dihedral will affect the downwash. Further the trim of a

dihedral foil and the sectional angle of attack are related by 01 = T cos r

With the 2icated modifications incorporated in Eq 1, the lift of a

finite aspect ratio surface-piercing dihedral foil takes the form:

) .
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C L = a O(F/E) cos F(r -ro-

r(F/E)A (2)or CL = CrI A + (F/E)K a cos 17(

where C =o cos F(T - TO)

Thus using Eq 2 the equivalent two-dimensional lift may be found from the

three-dimensional data. The particular values to be used for the lift-curve

slope and correction factors depend on the flow conditions. The values for

the two stable flow regimes -- fully ventilated and fully attached -- are

discussed separately below.

Fully Ventilated Flow

The flow about the wedge section foil

is termed fully ventilated when free

streamlines form at the leading and

trailing edges, bounding a cavity over

the top of the foil that extends some

distance downstream and is vented to

the atmosphere.

For this flow condition the theoretical sectional lift-curve slope at infinite

depth is a = TT/2 , Parkin.

Theoretical values of the factors K , E and F are not available,
1

however empirical values of these factors have been obtained by Brown from

experimental measurements of the forces on a family of surface-piercing fully

ventilated dihedral hydrofoils. These values are E = F = 1 and K = sec

and have been confirmed in further experiments by Fridsma2 . Substituting these

values in Eq 2 the two-dimensional lift is given in terms of the measured lift

by

C'= CL (2A + 1)/2 2cos r (T - To) (3)

Using the lift data for fully ventilated flow given in Table 1, CL
was formed as indicated by Eq 3 and is shown plotted against T cos r in

Fig 2, lower line. The boxes represent 37 data points, taken at various speeds
and aspect ratios (drafts), the height of the boxes showing the range of vari-

ation while the symbol indicates the'mean value. A good collapse is obtained

LL



R 9527

about a line having a slope of TT/2 with a zero lift angle of o cost = 0.550.

The existence of a finite zero lift angle on a nominally flat-faced foil is

iaccounted for by a minute upturn of a few thousandths of an inch at the leading

edge.

4 The drag is shown plotted in the previously developed form2 for fully

ventilated foils:

C cos = C sin + Cf sec r
D Lf

on Fig 3. The ordinate intercept varies but little over the speed range of 15

- - to 40 fps and a mean value of Cf sec 1 = 0.0065 was used. Data taken at

10 fps is not included on this plot since drag data at this low speed was

thought to be unreliable. The remaining data are shown to cluster closely

about the theoretical line.

Fully Attached Flows (Base Vented)

The flow is called fully attached when

the whole of the upper surface, as well

Zas the lower surface, is completely

wetted by the flow. For the wedge sec-

tion used in this investigation the flow

separates from the base of the foil,

forming a cavity which is again vented

to the atmosphere. Parkin 3 has shown that the section lift-curve slope for

this condition, at infinite depth, is 2rT

Because of the similarities between the fully attached, base vented,

flow and the flow about an airfoil, a surface-piercing dihedral hydrofoil may

be likened to an airplane wing. Making use of this analogy theoretical expres-

sions for the factors E , F and K have been developed from wing theory.

4
Edge Correction Factor E Jones pointed out that an elemental strip

of a finite wing should require less circulation to meet the Kutta condition

than the same element in an infinite wing. For an elliptical planform wing

he showed theoretically that the circulation, and hence the lift-curve slope,

was reduced by a factor E , where:

E = semi-perimeter/span

L
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Assuming that the same rule applies to a rectangular planform wing, E may

be expressed in terms of the aspect ratio:

E = (A + ])/A (4)

Depth Correction Factor F As an approximate means of determining the

effect of depth on the circulation about a two-dimensional foil beneath a free

surface, Wadlin 5 represented the foil by a single vortex at the center of

pressure, with a symmetrical image above the waterline to satisfy the free

surface condition. This procedure is similar to that used in biplane theory

and stems from the fact that the boundary value problems for a foil moving at

high speed beneath a free surface and for a two-dimensional biplane are simi-

lar. An exact solution to this boundary value problem was obtained by Glauert,

and comparison shows that the approximate procedure gives valid results, par-

ticularly for depth/chord ratios greater than 0.5. Wadlin's expression for

the sectional lift-curve slope at finite depth to that at infinite depth is:

a 2e = (4h/c) + 1 (5)
a0  (4h/c)2 + I

Since the draft varies across the span of a surface-piercing dihedral foil,

from zero at the tips to h0  at the apex, the value of the factor F is

found by averaging Eq 5 across the span:

h

F e e dh

arc tan 0 (ho/c)

therefore F =1- a0 6)
4f/ (ho/c)

The factor F can also be expressed in terms of the aspect ratio since

A = 2(h /c) cot r . On substituting for (h /c) in Eq 6, it is found that

a good approximation for Eq 6 is:

F = 1.78 A tan r/(1 + 1.78 A tan F) , A tan r7 >0.7 (7)

For the present tests in which the dihedral angle f = 30 , Eq 7 yields

F = A/(1 + A), A> 1.2 (8)

The fact that, for these tests, F = I/E is coincidental.
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Induced Drag Factor K The minimum induced drag of any wing system,

such as monoplane, biplane, or boxplane, can be calculated by making use of

I the fact that minimum induced drag is attained when the downwash velocity is

constant throughout the wake. Such calculations are standard in the litera-

ture of wing theory, and their practical value is due to the fact that the

induced drag is insensitive to quite large departures of the lift distribu-

tion from that which gives constant downwash in the wake. Making use of this

technique from wing theory, Brown6 has calculated the minimum induced drag of

a surface piercing foil and finds a theoretical expression for K which may

be approximated by:

K= 2(l- r/75) r> 6o0  (9)

= 1.2 for r = 30 °

Substituting a = 2rr , and for E and F the expressions given by

Eq 4 and 8, into Eq 2 the two-dimensional lift of the fully wetted surface-

piercing dihedral foil is given in terms of the measured lift by:

A CL[(: + 2 K cosT12rrcos 1(, - To) (10)

For a foil with 300 dihedral, since K = 1.2 , Eq 10 reduces to

C=C A + 4.08 + I/A.=2rrcosf(T -'T) (11)
L  A c0

which is a form for the fully wetted foil comparable to that given by Eq 3

for the fully vented foil.

Using the lift data for fully attached, base vented, flow given in

Table III the sectional lift coefficient was formed using Eq 11 and is shown

plotted on Fig 2, upper line, against T cos r . The theoretical slope of 2rT

is confirmed by the data, but depth effect is not completely eliminated since

the zero lift angle increases somewhat with increasing depth. For a dihedral

foil with wedge section at infinite depth it would be expected that the zero

lift trim, which is referred to the lower face of the wedge, would be given

by rO cos r = 6/2 , where 6 is the wedge apex angle. The observed varia-

tion of the zero lift angle with a depth parameter is shown on Fig 4. The

theory of a two-dimensional base vented foil at finite depth has not been
developed, but a tentative extrapolation to To = 0 at h/c = 0 (the planing

condition) is shown.
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Fully attached flow can only be maintained at small trims and speeds '
where the drag is also small. It is considered that the drag data, obtained

as an incidental to these tests, is not sufficiently reliable to warrant its

being plotted.

Ventilation Characteristics

When a surface-piercing, dihedral hydrofoil is operating with the flow

fully attached to the foil upper surface, ventilation will occur if the angle

of attack or speed are made sufficiently high. Ventilation begins when the

pressures on the upper surface are below atmospheric. Local separation of the

flow will result, starting from the free surface and an air cavity will form,

gradually working its way down the foil. Because of the sharp leading edge on

the foil section, separation normally starts here. When sufficient air has

been introduced at higher trims and speeds, complete separation will occur and

the foil will operate in fully-ventilated flow with the upper surface entirely ]
open to the atmosphere. The transition from fully attached to fully ventilated

flow takes many interesting forms (see Fig 5). Sometimes the change is very

sudden, while at other times the change is gradual. The flow itself may look

completely different; sometimes appearing as ventilation of only one or part

of a limb of the foil, or appearing as an alternate attdcned and separated

flow.

The ventilation characteristics were analyzed by constructing auxiliary

plots such as that of lift against speed for constant trim shown in the follow-

ing sketch

Fully Unstable Fully
attached ventilated

CL

Froude No. v/,/gE
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The Froude number based on the hydrofoil chord was used in an attempt to

remove scale effects from the data. The flow regimes indicated on the sketch

were verified by a study of the flow photographs. From these plots the speeds

marking the boundaries of the different flow regimes were found and plotted as
I functions of trim in Fig 5 with corresponding flow photographs. These same

boundaries are shown in combination with the lift characteristics in Fig 6.I
DISCUSSION

The results of the force measurements on the fully ventilated, surface-

piercing dihedral foil confirm previous experiments and analyses 1,2 and do not

call for comment.

The analysis developed herein of the lift under fully attached, base

[ vented, flow conditions, while successfully rationalizing the data, differs

in one particular from that for fully ventilated flow. In the case of fully

I ventilated flow on surface-piercing foils it was found to be unnecessary to

take separate account of the depth effect on lift which was included in the

aspect ratio correction. On the other hand for the surface-piercing foil with

attached flow the depth effect is accounted for explicitly with a separate

adjustment for aspect ratio effect. It should be noted that it is still possi-

ble to treat these two effects as one combined effect in the case of the fully

wetted foil, however a large value of the induced drag factor, K , results if

[this is done. The Jones edge correction could also be suppressed at the cost

of a further increase in the induced drag factor. These difficulties could

only be resolved by more extensive force measurements of foils in fully

attached flow, probably including two-dimensional tests, but were not under-

taken in this study which was primarily concerned with ventilation.

The fact that the lift characteristics for fully attached flow show a

variation in the zero lift angle with depth emphasizes the need for a theoret-

ical study, and further experimental study, of fully wetted foils beneath a

free surface.

U: A theoretical analysis of ventilation inception has not been attempted

I in this investigation which is intended primaFily to provide information on

Fthe inception boundaries. That the phenomenon of ventilation is a complex one

may be stressed by consideration of one aspect. The theoretical study of

k
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hydrofoils has been confined almost exclusively to foils moving in a perfect

fluid, but for a wedge section foil with sharp leading edge in a perfect fluid

ventilation or cavitation should be present unless the stagnation point is at

the leading edge. The fact that ventilation does not start as soon as the

stagnation point moves off the leading edge may probably be attributed to the

influence of viscosity, furthermore the fact that the inception boundaries are

speed dependent suggests that the influence of gravity cannot be neglected.

The ventilation boundaries shown in Fig 6 are functions of speed and

trim only, and, for the range of depths covered in this investigation --.one

to three chords at the foil apex -- are independent of depth. From a study

of Fig 6 it appears that the flow adjusts, if the speed is high enough, to

give the minimum lift. As shown in Fig 6 the fully attached and fully venti-

lated lift curves intersect, to the left of this intersection the flow was

always fully attached no matter how high the speed, while to the right fully

ventilated flow could always be achieved by sufficient increase of speed.

The two lift curves intersect at approximately T cos F = 30 where, for fully

attached flow, the stagnation point would be at the leading edge and it may be

noted that the trim boundary for fully attached flow tends towards this same

angle as the speed increases.

The combination of the ventilation boundaries with the lift character-

istics on Fig 6 summarizes the behavior of the foil, and may be used as a

design chart. As an example, the critical trims at a Froude number of 10 are

shown projected up onto the lift curves so as to define the stable range of

operation for this speed.

CONCLUSIONS

A surface-piercing, dihedral hydrofoil was tested to investigate the

inception and extent of ventilation. The foil of wedge-shaped cross-section

and dihedral angle of 30 degrees was shown to ventilate under a number of

operating conditions as the speed, draft, and angle of attack were varied.

Stable regions of fully attached and fully ventilated flow were defined by

ventilation inception boundaries which were shown to depend strongly on the

speed and angle of attack, but not on the depth of submergence.

The forces experienced by the foil under these stable flow conditions

can be given analytically and are generally in good agreement with the

L
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experimental results. Expressions for the lift and drag forces in fully

ventilated flow, previously developed by Brown and Fridsma , are:

CL= TT/2 cos r(T o) - + T = 0.630

I CD Cos T CL sin r + Cf sec r

I An expression for lift under fully attached but base ventilated flow is

derived herein, utilizing the same techniques as Brown, but incorporating

* separate corrections for depth and edge effects. The lift formula for fully

Sattached flow is:
A

C 2ff cosFr( -') T I+.0+
L ) -1 TA+ 4.08 + A

The no-lift angle in the above expression increases with draft tending toward[ half the wedge apex angle at infinite depth.

The ventilation characteristics are shown in combination with the lift

I characteristics to form a chart which should be useful for des!gn purposes.
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TABLE I

FORCE DATA - FULLY VENTILATED

Trim Draft Lift Drag Speed CL  CD
r', deg h0 , in. L,lb D,lb V,fps

5.0 2.0 13.40 2.17 41.40 .0838 .0136
2.0 13.30 2.26 41.46 .0829 .0141

5.5 2.0 - 2.6o 41.39 - .0163
4.0 5.37 41.32 - .0168

6.0 2.0 16.05 3.10 41.36 .1006 .0194
4.0 - 6.30 41.32 - .0198
4.0 37.05 6.25 41.29 .1164 .o196
6.0 44.29 7.37 35.97 .1222 .0203

7.0 4.0 10.68 1.68 20.28 .1391 .0219
4.0 6.45 1.12 15.12 .1511 .0262
4.0 11.10 2.05 20.29 .1444 .0267
4.0 - 3.20 25.91 - .0255
4.0 17.50 3.20 25.64 .1426 .0261
4.0 - 3.90 29.17 - .0245
4.0 24.30 4.48 30.38 .1410 ,0260
4.0 33.90 6.32 35.95 .1405 .0262
4.0 44.00 7.74 41.29 .1382 .0243
6.0 17.19 2.80 20.28 .1492 .0243
6.0 52.04 8.76 26.02 .1433 .0241

8.0 2.0 5.60 0.98 20.28 .1459 .0255
2.0 1.44 - 10.02 .1537 -
2.0 23.12 4.26 41.39 .1447 .0266
4.0 12.47 2.15 20.34 .1614 .0278
4.0 12.34 2.23 20.26 .1610 .0291
4.0 12.88 2.53 20.28 .1677 .0329
4.0 12.94 2.43 20.29 .1684 .0316
4.0 12.48 2.30 20.22 .1635 .0301
4.0 50.40 9.50 40.98 .1608 .0303
6.0 - 3.68 20.35 .0318
6.0 - 3.68 20.35 - .0318
6.0 19.56 3.68 20.33 .1691 .0318
6.0 60.11 11.22 35.92 .1664 .0311

9.0 4.0 14.00 2.63 20.28 .1823 .0343
4.0 - 11.6o 41.32 - .0364
4.0 57.95 11.80 41.29 .1821 .0371

10.0 4.0 4.15 0.72 10.03 .2210 .0383
4.0 4.40 0,74 10.10 .2310 .0388
4.0 15.24 3.16 20.26 .1989 .0412
6.0 23.96 5.14 20.26 .2085 .0447



TABLE I (continued)

Trim Dr-aft Lift Drag Speed C

T, deg h0 ,. in. L,b D,b V~fps L D

111.0 4.0 4.59 0.92 10.08 .2420 .0485

12.0 4.0 5.00 1.12 10.09 .2630 .0589
4.0 18.79 4.62 20.27 .2449 .0m0
4.0 18.50 4.38 20.22 .2424 .0574

14.0 4.0 5.70 1.42 10.06 .3017 .0752if 4.0 22.40 - 01 22
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,,1
FORCE DATA- PARTIALLY VENTILATED '1

Trim Draft Lift Drag Speed C C
'r, deg ho, in. L,1b D,lb V,fps L

4.0 2.0 10.25 2.10 41.43 .0640 .0131
2.0 5.90 1.38 30.19 .0694 .0162
4.0 - 3.57 34.79 - .0158 7I
4.0 - 4.90 41.25 - .0154
4.0 - 4.70 41.29 - .0148
4.0 24.80 4.76 41.29 .0779 .0150
6.0 21.85 5.27 34.82 .0644 .0155

4.5 2.0 3.95 0.38 20.16 .1042 .0100
2.0 3.50 0.38 20.16 .0923 .0100
4.0 7.15 1.06 20.29 .0930 .0138
4.0 32.70 5.20 41.43 .1020 o0162

5.0 2.0 3.70 0.33 20.29 .o963 .oo86
4.o 8.54 1.24 20.27 .1113 o162
4.0 - 1.48 20.31 - .0192

4.o 9.32 1.53 20.24 .1218 .0200
4.0 35.17 5.16 41.25 .1107 .0162
6.0 2.87 1.04 9.96 .1033 .0374
6.0 13.05 2.21 20.25 .1137 .0193
6.0 42.98 6.43 35.97 .1186 .0177

5.5 4.0 9.22 1.18 20.28 .1201 .0154
4.0 - 5.70 41.32 - .0179

6.0 2.0 1.11 - 10.04 .1180 -
2.0 4.25 0.54 20.28 .1108 .0141
4.0 10.60 1.72 20.36 .1370 .0222
4.0 11.25 1.45 20.26 .1468 .0189
4.0 11.05 1.41 20.32 .1433 .0183
4.0 10.50 1.48 20.33 .1361 .0192
4.o 9.70 1.78 20.24 .1268 .0233
6.0 - 2.61 19.99 - .0233
6.0 15.71 2.68 19.96 .1408 .0240

7.0 2.0 1.50 - 10.10 .1576 -

2.0 1.50 - 10.08 .1582 -

2.0 1.32 - 10.10 .1387 -
4.0 3.71 0.47 10.02 .1980 .0251
4.0 3.50 0.75 10.14 .1824 .0391
4.0 3.12 0.77 10.10 .1639 .004
4.0 3.70 0.82 10.07 .1955 .0433
6.0 6.50 1.49 9.98 .2331 .0534

8.0 2.0 1.53 - 10.02 .1633 -

4.0 4.42 0.62 10.09 .2325 .0326
4.0 3.80 0.62 10.09 .1999 .0326
6.0 6.71 1.52 10.05 .2373 .0537 U
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I TABLE 11 (continued)

Trim Draft Lift Drag Speed C L CD
Tde h,,in LlbD,1b V,fps

8.5 4.0 4.00 0.56 10.02 .2134 .0299

9.0 4.0 5.08 0.57 10.02 .2711 .0304
4.0 4.04 0.57 10.02 .2156 .0304

9.5 4.0 4.10 0.63 10.02 .2188 .0336

310.0 4.0 5.85 0.87 10.10 .3071 .0457

6.0 7.12 1.90 9.98 .2553 .0681
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TABLE II I

FORCE DATA - FULLY ATTACHED

Trim Draft Lift Drag Speed C C
T, deg h 0, in. L~lb D,lb V,fps L D

0 2.0 - .80 0.22 10.00 -. 0857 .0236
2.0 -1.86 0.51 15.03 -.0853 o0242
2.0 -3.12 0.73 19.83 -.0850 .0199
2.0 -5.37 1.20 25.54 -.0882 .0197
4.0 -3.28 0.52 10.05 -. 1739 .0276
4.0 -7.00 1.07 15.00 -.1666 .0255
4.0 - 1.83 19.90 - .0248
4.0 -20.00 2.87 25.56 -.1639 .0235
4.0 -29.00 4.28 30.18 -.1706 .0252
6.0 -6.05 1.04 10.03 -.2148 .0369

6.0 -13.00 1.92 14.88 -.2097 .0310
6.o -22.95 3.18 19.83 -:2084 .0289
6.0 - 5.00 25.55 - .0274

6.0 -39.80 5.00 25.54 -.2180 .0274
6.o - 6.28 28.-47 - .0277
6.0 -46.40 5.59 27.26 -.2230 .02,-69

2.0 4.0 - 1.23 20.30 - .0160
4.0o 1.11 20.29 -. 0144
4.0 - 1.29 20.29 -. .0168

3.0 2.0 1.15 - 20.25 .0301 -

2.0 - 2.15 41.32 - .0135
2.0 -1.84 41.36 - .0115
2.0 4.70 2.00 41.36 .0294 .0125
2.0 4.78 1.90 41.36 .0299 .0119
4.0 0.80 0.96 20.32 .0104 .0125 .
4.0 0.90 0.88 20.30 .0117 .0114
4.0 - 4.80 41.25 .-. 0151
4.0o 4.80 41.25 -. 0151
4.0 - 4.70 41.25 - .0148
4.0 3.05 4.40 41.25 .0096 .0139
6.0 -0.51 1.08 9.99 -.0183 .0387
6.0 -0.82 2.08 20.38 -.0071 .0179
6.o -3.02 5.62 36.00 -.0083 .0155

3.5 2.0 1.95 - 20.27 .0509 -

4.0 0.40 - 9.43 .0241 -

4.0 2.95 0.93 20.32 .0383 .0121
4.0 13.80 4.59 41.22 .0435 .01453

4.0 2.0 1.40 - 15.10 o0658-
2.0 2.50 0.48 19.94 .0674 .02
2.0 2.50 0.48 19.98 o0671 .0129
2.0 2.85 0.43 20.33 .0739 .0112
2.0 4.40 1.40 25.69 .0715 .0227
2.0 4.25 1.00 25.67 .o691 .0162
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TABLE III (continued)

I Trim Draft Lift Drag Speed CL  CD

r, deg ho. in. Ljlb Dlb V)fps

I 4.0 4.0 0.82 15.17 - .0191
4.0 - 0.82 15.10 - .0193
4.0 2.55 0.82 15.11 .0598 .0192
4.0 4.87 1.20 20.33 .o631 .0156
4.0 4.95 1.01 20.34 .0641 .0131
4.0 5.51 1.18 20.28 .0718 .0154
4.o 5.40 1.41 19.93 .0728 .0190
4.0 5.34 1.33 19.96 .0718 .0179
4.o 5.50 1.43 19.94 .o741 .0193
4.0 5.40 1.73 19.98 .0724 .0232
4.0 5.32 1.73 19.99 .0713 .0232
4.0 4.90 1.33 19.89 .0663 .0180
4.0 9.55 1.90 25.77 .0770 .0153
4.0 9.50 1.90 25.71 .0770 .0154
4.0 8.90 2.00 25.59 .0728 .01644.0 12.80 3.01 30.25 .0749 .01766.0 1.65 0.72 10.14 .0573 .0250

6.0 1.60 0.82 10.14 .0556 .0285
6.0 1.65 0.90 10.02 .0587 .0320
6.0 3.90 1.37 15.07 .o613 .0215
6.0 3.80 1.30 15.04 .0600 .0205
6.0 - 1.98 19.76 - .0181
6,o 6.85 2.10 19.82 .0623 .0191
6.0 12.55 3.25 25.65 .o681 .0176
6.0 11.08 3.20 25.50 .o6o8 .0176
6.0 16.58. 4.18 30.08 .0655 .0165

5.0 2.0 1.00 - 10.08 .1055
4.0 1.98 0.32 9.99 .1063 .0172

6.0 2.0 1.35 - 10.06 .1430 -
4.0 3.20 0.37 10.03 .1704 .0197
6.0 5.35 1.32 10.17 .1848 .0456
6.0 20.28 2.68 19.96 .1817 .0240

7.0 2.0 1.80 - 10.08 .1899
4.0 4.20 0.47 10.02 .2240 .0251
4.0 4.50 0.77 10.10 .2390 .0404
4.0 3.72 0.80 9.98 .2000 .0430
6.0 7.15 1.49 9.98 .2564 .0534

8.0 6.0 9.45 1.52 10.05 .3342 .0537

8.5 4.0 6.01 0.71 10.02 .3207 .0379
9

I
t
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I DRAG CHARACTERISTICS (FULLY VENTILATED)
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I SHIFT IN ZERO LIFT ANGLE (FULLY ATTACHED FLOW)
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VENTILATION BOUNDARIES AND FLOW PHOTOGRAPHS
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R 952 FIG 6.

DESIGN CHART FOR STABLE OPERATION
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